The measurement of migration in total hip replacement (THR) is of increasing importance in the quality control of new designs of implant, since early migration can predict late aseptic failure of the prosthesis. [1] [2] [3] [4] [5] Several methods have been developed for the detection of the migration of femoral and acetabular components. 3, [6] [7] [8] [9] In assessing these, it is very important to differentiate between accuracy and precision. Accuracy is defined as the difference between measured and true values whereas precision expresses the reliability (reproducibility) of a method. The most accurate method developed so far, roentgen stereophotogrammetric analysis (RSA), has an accuracy of about 0.2 mm and is based on the use of bone markers. 10 It requires prospective planning and a stereoradiological technique. Other methods are easier to perform and are based on measurements on conventional radiographs, but they have inferior accuracy. 3, 6, 7, 9, [11] [12] [13] Attempts at improvement in accuracy concern the correction of magnification and the choice of the reference line; the shorter the reference distance, the greater the accuracy. 3, 6, 13 It has been suggested that placing a tantalum marker close to the shoulder of the prosthesis would improve accuracy 14 and a number of systems for the implantation of metal markers in bone have been presented. 15 Malchau et al 16 have shown that bone markers improve the accuracy of conventional measurements, but even with a reference line between a marker implanted in the shoulder of the prosthesis and that in the lesser trochanter, the accuracy was found to be only 3.9 mm. There have been no studies to evaluate whether implanted markers led to better accuracy or precision in the Ein Bild Roentgen Analyse-Femoral Component Analysis (EBRA-FCA) method 6 or in those of Walker et al, 3 Hardinge et al, 9 and Braud and Freeman.
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Our aim was to determine whether tantalum markers improved the accuracy and/or precision of methods based on conventional measurements in digitised radiographs which do not have mathematical correction of data, as compared with EBRA-FCA which has a computerised correction strategy.
Materials and Methods
Three observers independently analysed 13 series of RSAcompatible radiographs (88) which had been taken at 6 weeks and 3, 6, 12, 18 and 24 months after operation. In two series those taken after 24 months and in one series those after six months were missing. In each series, a mean number of 9.8 tantalum balls (5 to 13) had been inserted.
Measurements were made from scanned radiographs using a reference line, parallel to the axis of the shaft of the prosthesis, between the shoulder of the prosthesis and either the contour of the greater trochanter or an implanted tantalum marker, as well as between the shoulder and tantalum balls inserted into the lesser trochanter.
Before setting the reference lines, all the radiographs of a series were compared with each other to make sure that the same contour of the greater trochanter could be identified. With EBRA-FCA software, it is possible to zoom all the images of a series on to the greater trochanter to identify the clearest structure (Fig. 1 ).
Measurements were made by one observer between the shoulder of the stem and the greater trochanter as well as between the stem and all tantalum markers which were within the bone and showed no sign of loosening (109). Two other observers measured migration in the same way between the stem of the shoulder and the greater trochanter, and between the stem and two tantalum markers, one positioned in the greater trochanter and the other in the lesser trochanter (2 ϫ 39).
Data were obtained from conventional measurements on digitised radiographs without correction of data, with the EBRA-FCA program which calculates migration between comparable radiographs of a series, 6 and with the RSA method, 8 data for which were obtained in another centre.
The comparability limit for the EBRA-FCA program was set at 3 mm. The findings of all three observers were used to evaluate the accuracy and precision of the measurements made with tantalum balls and by bony landmarks. All the results were compared with the RSA data, and the differences between measured migration and RSA results were calculated for the entire period of observation.
In some radiographs we found bone markers positioned in the soft tissue which seemed to be within the bone in other films of the same series. This effect is caused by the different projections of markers in relation to the bone and the prosthesis as a result of the three-dimensional movements of the femur. If these radiographs had been missing, identification of the false position of the bone markers would not have been possible. We therefore tried to determine the number of radiographs in which the intraosseous position of the bone markers had been simulated. Statistical analysis. We attempted to determine whether the choice of a certain reference point (bone-greater trochanter, tantalum markers in the lesser and greater trochanter) could influence the accuracy of the measurement of migration. Differences of variance (0-hypothesis 1 One series of radiographs. All seven images are zoomed on to the greater trochanter (EBRA-FCA software) to identify the clearest structure of this bony reference point.
were calculated by Levene's test using the general linear model procedure (GLM) of SAS software (SAS Institute, North Carolina). Interobserver reliability was computed by Cronbach's alpha.
Results
Accuracy. Conventional measurements between the greater trochanter and the shoulder of the stem in comparison with RSA data (at 24 months, median -1.7; interquartile range -4.5 to 0.7) were not significantly different from those between a marker and the shoulder of the prosthesis (median -1.1; interquartile range -2.5 to 0.9; Fig. 2a) . A similar result was seen in a comparison of EBRA-FCA measurements between the greater trochanter and the shoulder of the stem (at 24 months, median -0.3; interquartile range -0.7 to 0.1) and tantalum markers (median -0.4; interquartile range -1.2 to 0.6; Fig. 2b ). The distribution of the results was significantly wider for conventional measurements than for EBRA-FCA, indicating that only the choice of the method, but not the choice of the landmark, could improve accuracy (Fig. 2) . Precision. Reliability at 24 months for the conventional measurements between the bone markers and the shoulders of the prosthesis was = 0.99 (Cronbach's coefficient alpha for standardised variables). The precision of measurements between the greater trochanter and the shoulder of the prosthesis was slightly worse ( = 0.93). Measurements with tantalum markers and with the greater trochanter were less precise using the correction system of the migration curve with EBRA-FCA software (for both = 0.89). Radiological evaluation of marker position. The mean percentage of markers per radiographic series located in the soft tissue was 10.6 (0 to 30.8). In 3 of 13 series (23.1%), one marker was projected on the bone in more than three radiographs of a series and therefore simulated a position within the bone. In one series, the extraosseous position of such a marker could only be detected in one radiograph. In six of the series (46.1%), one or more tantalum markers was hidden behind the prosthesis (Fig. 3) . 
Discussion
Bone markers. Malchau et al 16 pointed out that the accuracy of measurement of migration of the stem on conventional radiographs varies between 4 mm and up to more than 1cm depending on the choice of landmarks. They had better results using bone markers and therefore suggested that these be used for measurements on conventional radiographs. Another recent study 14 claimed that subsidence can be determined accurately on a radiograph, if tantalum markers are placed in the greater trochanter near the shoulder of the prosthesis. Histological studies have demonstrated the inertness of tantalum markers. 10, 17 Nevertheless, RSA measurement in the same study showed some markers to be initially unstable. 17 Aronson, Jonsson and Alberius 18 stated that the position of markers relative to the bone can change with time because of the constant process of bone remodelling, especially with bone rarefaction such as osteoporosis. They mentioned that care is essential when implanting markers to avoid such complications as instability or unfavourable tissue reactions. Eldridge et al 19 found that in 40% of cases the tantalum balls were located outside the proximal femur on the postoperative radiograph, although all were considered to be within the bone at operation. They pointed out the danger of third-body wear and suggested that markers be used only for research in small series of patients. In our series, a mean of 10.6% of all markers was within the soft tissue (in 69% of all series). In 23% of all series, one marker simulated an intraosseous position in several radiographs of a series and would have led to false results for migration. In our study, bone markers in the greater or in the lesser trochanter did not give better accuracy of the measurement of migration than the bony landmark and were equal to conventional measurements and EBRA-FCA.
Our findings demonstrate that if a clear contour of the greater trochanter can be identified a fiducial reference point does not contribute as much to accuracy as mathematical correction of the differences in projection, produced by movements of the femur. The latter have more influence on reference lines than the choice of the reference point (Fig.  1) .
The only comparable study so far has been carried out by Malchau et al. 16 They reported better results with tantalum markers in the greater and lesser trochanter, but differences were only seen for manual measurements on plain radiographs. For the lesser trochanter to the shoulder of the prosthesis, the mean is 5.3 mm for the bony landmark against 3.9 mm for a tantalum marker. The results for digitised radiographs were the same for the bony landmark and the tantalum marker; 4.1 mm for both. In Malchau's study, there were greater differences for manual measurements on plain radiographs and only small discrepancies in measurements on digitised radiographs for other reference lines (lesser trochanter to the centre of the femoral head, greater trochanter to the centre of the femoral head), although measurements on plain and digitised radiographs The migration curves of one patient, measured by RSA (solid, dark-line), by EBRA-FCA between the greater trochanter and the shoulder of the stem (thin, continuous, dark lines), and by conventional measurements between tantalum markers and the shoulder (dotted, grey lines). The variation between the conventional measurements and EBRA is comparable, but the difference is higher for the grey lines. These migration curves explain why the accuracy of a method is more important than its precision.
are reported to show no significant difference. In contrast to our own findings, they reported better results for the tantalum marker in comparison with the bony landmark (manual, 6.9 v 9.1 mm; digital 6.3 v 8.4 mm) for the reference line between the greater trochanter and the shoulder of the stem. Their interobserver error using this landmark was 10 to 15 times greater than that of Braud and Freeman.
13 Heterotopic ossification may have been the reason for the poorer results for this reference line. The prerequisite for a good result is a clear contour of the greater trochanter. Our experience has shown that the more radiographs which are available within the first postoperative months, the better can a clear contour be identified. The reason for this are bone appositions on the greater trochanter despite the use of indomethacin postoperatively. In the study of Malchau et al 16 in 33 cases, only two radiographs were taken, one postoperatively and the other after two years. In 18 cases, a third one was taken after five years. Accuracy and precision. The evaluation of the accuracy of a method for the measurement of migration is very difficult because true migration is not known. The accuracy of RSA was tested by measurement in a three-dimensional glass model with implanted tantalum markers and known coordinates. 8 EBRA-FCA was compared with RSA. 6 Walker et al 3 evaluated accuracy mathematically in a theoretical analysis. In a second experimental analysis, they evaluated the variation in the measurements of vertical stem-to-femur positions for different reference points and orientations of the femur which defined their reproducibility. Braud and the amount of accuracy and reproducibility is mentioned, but not their method of evaluation. Accuracy is more important than precision as can be seen from Figure 4 . In our study the best precision was achieved with conventional measurements between markers and the shoulder of the prosthesis. Measurements between a bony landmark and the shoulder were only slightly less reliable, but those corrected by the EBRA-FCA software showed the worst reproducibility independently of the landmark in spite of better accuracy. This may be explained by the clear contour of two metal reference points which can easily be identified, the relatively short distance to measure and the lack of mathematical correction of the distance in conventional measurements.
We conclude that tantalum markers improve reliability whereas they do not affect accuracy in conventional measurements and EBRA-FCA. Because of the danger of thirdbody wear, such methods should avoid depending on the implantation of bone markers unless they are necessary for the method as in RSA or MIRA. 22 No benefits in any form have been received or will be received from a commercial party related directly or indirectly to the subject of this article.
